Bone mineralisation is a well-orchestrated procedure triggered by a protein-based template inducing the nucleation of hydroxyapatite (HA) nanocrystals on the matrix. In an attempt to fabricate superior nanocomposites from silk fibroin, textile braided structures made of natively spun fibres of Bombyx mori silkworm were compared against regenerated fibroin (lyophilized and films) underpinning the influence of intrinsic properties of fibroin matrices on HA nucleation. We found that native braids could bind Ca 2+ ions through electrostatic attraction, which initiated the nucleation and deposition of HA, as evidenced by discrete shift in amide peaks via ATR-FTIR. This phenomenon also suggests the involvement of amide linkages in promoting HA nucleation on fibroin. Moreover, CaCl 2 -SBF immersion of native braids resulted in preferential growth of HA along the c-axis, forming needle-like nanocrystals and possessing Ca/P ratio comparable to commercial HA. Though regenerated lyophilized matrix also witnessed prominent peak shift in amide linkages, HA growth was restricted to (211) plane only, albeit at a significantly lower intensity than braids. Regenerated films, on the other hand, provided no crystallographic evidence of HA deposition within 7 days of SBF immersion. The present work sheds light on the primary fibroin structure of B. mori which probably plays a crucial role in regulating template-induced biomineralisation on the matrix. We also found that intrinsic material properties such as surface roughness, geometry, specific surface area, tortuosity and secondary conformation exert influence in modulating the extent of mineralisation. Thus our work generates useful insights and warrants future studies to further investigate the potential of bone mimetic, silk/mineral nanocomposite matrices for orthopaedic applications.
Introduction
Bone is a complex nanocomposite consisting of organic-inorganic phases of collagen-hydroxyapatite (HA) crystals, where HA [Ca 10 (PO4) 6 (OH) 2 ] measures 20-30 nm in width, 100 nm in length with 3-6 nm thickness [1] , precisely embedded between longitudinally arranged collagen fibres such that HA is synthesized on the c-axis plane along the longitudinal axis of collagen [2] . In addition, HA exhibits intimate chemical bonding between the organic-inorganic elements with an overall poor crystallinity [2] . Growing interest in the development of biomimetic synthetic HA-based composites is primarily due to; (i) developing synthetic "analogs" of HA to be able to precisely replicate the morphology and chemistry of bone tissue [3] , (ii) HA coating on constructs for improving osteoconductivity and (iii) evaluating the bioactivity of novel materials by studying the nucleation and growth of "bone-like" apatite upon immersion in supersaturated fluids such as simulated body fluid (SBF) [4] . However, there are still gaps in understanding the nature of such depositions; surface features and crystallisation phase especially with respect to the morphology and chemistry of the base material.
Silk fibroin, another fibrous protein that closely mimics collagen type I of bone has gained popularity in tissue engineering due to interesting intrinsic properties such as resorbability [5] , toughness [6] , minimal immunogenicity [7, 8] , cytocompatibility with abundant polar, hydrophilic groups [9] , strong chemical bonding with HA [10] [11] [12] [13] and versatility in processing depending upon the target application [14] . Silk fibroin template fabricated in the form of nanofibres [12] , films [15] , porous 3D matrices [16] and composites [17] exposed to supersaturated ions, SBF [4, 10] or fetal bovine serum [11] , have been tested before for HA deposition. Silk fibroin plays a crucial role in regulating the synthesis and growth of HA nanocrystals [18] , as HA combines with fibroin through chemical interactions which have been identified by FTIR analyses whereby the strong chemical bonding between the two caused peak shifts in the amide bonds of fibroin, commonly referred to as the 'blue shift' [2] . However, majority of these studies have largely ignored the role of template chemistry of native fibroin in directing the nucleation and growth of HA. The primary reason could be that most of Materials Science and Engineering C 68 (2016) [663] [664] [665] [666] [667] [668] [669] [670] [671] [672] [673] [674] the studies used regenerated silk fibroin materials formed by the subsequent dissolution and re-assembly of native silkworm cocoons which tends to disrupt the original protein conformation [19] . Moreover, the role of different morphologies and other physical characteristics as a potential cause of large variations in the resultant mineralisation attained have not been addressed. In this study, we hypothesize that native silk fibroin will experience superior mineralisation in the presence of supersaturated solution, credited to the intact organization of the primary amino acid composition and structure. To test this hypothesis and understand the underlying chemical interactions governing the process of HA nucleation on fibroin matrix, we examined the change in the intrinsic properties of fibroin and thoroughly characterized HA crystallisation on the material surface initiated by incubating silk structures in 1.5× SBF.
Furthermore, there are theories which attribute the mineralisation potential of fibroin to the amorphous anionic bridges present between the β-sheets present within the structure [20] . In this study, Marelli et al. compared the hydrophobic chains in fibroin against the hydrophilic, electronegative chains and found apatite formation only in the hydrophilic fragments. They concluded that the differences in the mineralisation potential of silk fibroin were due to its constituent anionic chains which typically resembled the non-collagenous, anionic fragments of collagen type I. In another study, Kino et al. prepared regenerated silk fibroin films with varied calcium chloride content and reported deposition of HA post-immersion in 1.5 × SBF, but only in films possessing N3 wt% of calcium chloride relative to silk fibroin [15] . The reason was attributed to the presence of Ca 2+ ions at a particular concentration which reportedly induced more β-sheets in the fibroin structure [21] and such modified silk fibroin films demonstrated improved HA coating [15] . However, quantitative analysis of this varying β-sheet content was not done. Also, the reason as to why mineralisation could not be observed on methanol treated pure fibroin films (without calcium chloride) which contained at least some amount of β-sheet content remained unexplained. Nevertheless, most studies have reported an additional requirement of either pre-exposure of fibroin or its association with calcium-and phosphate-based solutions to promote nucleation and growth of HA nanocrystals [12, 13, 16, 22] . Whether it is the processing parameters during dissolution and reconstitution that disrupt the native structure of the fibroin chain; firstly by dissociating the specific amino acid chains and secondly by hampering their tendency to re-assemble the necessary β-sheet conformation, or if it is the inherent inert nature of fibroin chain that modulates the extent of mineralisation is still under wraps. These studies further highlighted the fact that our current understanding of the primary structure of fibroin is insufficient to elucidate the mineralisation capacity of silk fibroin in order to use it as a potential bone graft substitute [9] . Apart from the secondary conformation, there are other contributing factors that determine apatite formation on biomaterials including molecular size, surface chemistry, topography, surface charge, stiffness, target site and rate of in situ degradation which needs to be taken into account. For instance, hydrophobic crystalline fractions of silk fibroin with a 40 kDa MW are weak templates for mineralisation, whereas 2-10 kDa MW hydrophilic chains are strong templates [20] . Moreover, the specific surface area of the biomaterial plays a crucial role in determining the amount of apatite formation, as a larger hydrated layer of organic template with strong tendency for ion exchange facilitates higher precipitation of nanocrystalline HA [3] . Therefore, in the present study, we aim to address the following three specific questions with respect to in vitro mineralisation potential of silk fibroin; (i) the role of fibroin as an osteogenic substrate (in regenerated versus native form) in regulating nanocrystalline apatite synthesis, (ii) whether change in 3D morphology (lyophilized versus braid) influences HA deposition on fibroin and (iii) whether the modified 3D morphology and resultant variation in the intrinsic material properties modulate the extent of mineralisation. To the best of our knowledge, this is the first study to provide an indepth analysis of the difference in mineralisation in silk fibroin matrices between the native and regenerated fibres. We hypothesized that by inducing morphological changes in the fibroin structure, we could modulate the material properties which will eventually enhance control over the nucleation and growth of the HA phase. In order to characterize the mineralisation quotient, we used a combination of several sophisticated analytical techniques combining high end imaging and compositional analysis of the fabricated matrices to generate correlation between the material properties and the resultant mineralisation. We believe that understanding the process of mineralisation on the hierarchical assembly of fibroin will provide some innovative ideas for fabricating functional silk-based materials with customized morphology and chemistry best suited to promote biomineralisation in situ.
Materials and methods

Isolation of silk fibroin solution
12 tex 2-ply Bombyx mori silk yarns were procured from Starling Mills Pvt. Ltd., Malda district, West Bengal, India. Silk solution was prepared directly from the fibres according to a protocol used routinely [23, 24] . Briefly, 5 g of B. mori fibres were weighed and cut into fine pieces, followed by boiling in 0.02 M Na 2 CO 3 for 30 min to remove sericin. The fibres were then thoroughly rinsed in deionized (DI) water to isolate fibroin protein. Once completely dried, fibres were solubilized in 9.3 M LiBr solution at 60°C for 4 h. Fibroin-LiBr solution was dialysed using Slide-A-Lyzer cassette (Thermo, molecular weight cut off 3500) yielding 6.1 wt% solution of silk fibroin, which was stored at 4°C until subsequent usage.
Preparation of regenerated silk fibroin matrices
Aqueous silk fibroin solution of the same concentration (i.e. 6.1 wt%) was used for the fabrication of both lyophilized matrices and 2D planar films.
Silk films
To generate silk solution in the form of planar films, 2 mL of silk fibroin solution was pipetted over 10 × 10 mm 2 teflon plates and dried at RT overnight. Post-drying, the films were immersed in sufficient volume of 80% ethanol for 2 h at RT in order to induce β-sheet crystallisation.
Lyophilized
A randomly porous three-dimensional (3D) morphology was obtained by lyophilising fibroin solution. Approximately 10 mL of the solution was poured into a 30 cm 2 glass petri dish and frozen at −20°C in a refrigerator for 24 h. The resulting silk solution was then lyophilized to generate a 3D porous matrix, which was subsequently immersed in ethanol for 2 h to induce β-sheet crystallisation.
Silk braids
Fibres of B. mori silk were fabricated into 3D braids using a 17 spindles flat braiding machine type NG1/16-120 (August Herzog Maschinenfabrik GmbH & Co. KG, Germany). Briefly, yarn bundles (17 multi-filament yarns per yarn bundle) were produced from multi-filament yarns comprising of 30 filaments/yarn of silk. The resulting structure was made such that yarns were oriented at 32°angle to the long axis of the braid using a production rate of 1 m/min to produce braided structures. The 3D braids were manually cut into smaller structures approximately 4 × 2 × 1 mm 3 dimensions.
SBF immersion
Post-fabrication, silk fibroin 3D matrices and films were immersed in 1.5 × SBF solution for 7 days. SBF (1.5 ×) solution was prepared as described elsewhere under constant stirring at 37°C and buffered at pH 7.4 using 75 mM Tris buffer [25] . Alternatively, an equal number of matrices (films, lyophilized and braids) were immersed in 2 kmol/m 3 of CaCl 2 and incubated for 24 h at 37°C [26] . Then the matrices were very gently washed with deionized water and air dried prior to immersion in 1.5× SBF. The temperature of the solution was maintained at 37°C until the matrices were immersed. The samples were harvested after 7 days for analytical purposes.
Analytical techniques
Micro-CT
To quantify 3D morphology, silk fibroin matrices were characterized using X-ray micro-CT (Nano-focus, Phoenix X-ray GE, Measurement & Control, Wunstorf, Germany). The conditions used were an accelerating voltage of 55 kV, 120 μA current and 1000 projections over 360°. Three 2000 ms projections were averaged per angle to reduce noise. All materials were scanned at low (20 μm voxels) and high (3.5 μm) resolutions. The resulting 3D volume images were then processed using an edgepreserving filter to remove noise and artefacts, followed by segmentation to allow 3D quantification. Three quantitative assessments were performed, as described below.
The specific surface area (SSA) was calculated by dividing the surface area of matrix (SA matrix ) by its volume (V matrix ) [27] :
Tortuosity was calculated by dividing the line length between two points and the distance between the loading platens. [28] Tortuosity ¼ L length L distance
Porosity was calculated by the volume of non-matrix materials by the total volume in the field of view [29] :
where VB is the volume of binarized object (matrix material phase) in volume of interest (VOI).
Attenuated total reflectance-fourier transform infrared spectroscopy (ATR-FTIR)
ATR-FTIR spectra of silk fibroin matrices including films, lyophilized and braids (n = 3 per group) before and after treatment were obtained using an Alpha-P spectroscope (Bruker, USA). A total of 72 scans were taken in absorbance mode in the spectral range of 4000 to 500 cm
for each measurement at data acquisition rate of 4 cm − 1 per point.
Spectral analysis was performed for relative comparison. Deconvolution was done on the spectra using Fourier self-deconvolution (FSD).
Atomic force microscope (AFM)
Surface roughness of silk fibroin matrices (films, lyophilized and braids) treated with SBF with or without CaCl 2 pre-treatment as well as untreated controls (n = 3 per group) were imaged using Digital Instruments Nanoscope in contact mode. Three randomly chosen areas of 10 μm × 10 μm dimensions were imaged and the mean of their respective surface roughness (Rq) values was calculated. In the case of braids, roughness of a single fibre was measured as the presence of grooves in braided structures does not permit probe detection of the surface.
X-ray diffraction (XRD)
X-ray diffraction was performed in a Seimens type F X-ray diffractometer using Ni-filtered Cu KR radiation (30 kV, 20 mA, λ = 0.154 nm) as the source. For scanning, the materials were loaded onto the aluminum frames and scanned from 10 to 50°(2θ) at 2.0°/min.
Particle mean crystallite size (D) was calculated from the XRD data using Scherrer equation [30] ;
where λ is the wavelength of CuKα i.e. 1.54 nm, β refers to the full width at half-maximum of HA (211, 002 planes) and θ is the diffraction angle. The intensity ratio of the preferred crystalline phase of HA was also calculated.
Scanning electron microscope (SEM)
Ultrastructural analysis of the matrices (films, lyophilized and braids; n = 3 per group) either treated or untreated controls, were imaged for identification of apatite deposition. For SEM analysis, fixed samples were thoroughly rinsed in DI water followed by dehydration through graded alcohol series. Air dried samples were then sputter coated with gold (up to 15-20 nm thickness) using an EMITECH K550X (UK) sputter coater set at 25 mA for 240 s. The coated samples were imaged at varied magnifications using a JEOL 5610LV (JEOL; Japan) SEM at an accelerating voltage of 5 kV.
Energy dispersive X-ray emission (EDX)
To confirm the elemental composition of surface deposition on the matrices (n = 3 per group), EDX analysis was performed on carbon coated samples. Imaging was performed using Zeiss EVO 50 high definition SEM and the respective Ca/P ratios were computed from the EDX spectrum.
Transmission electron microscopy
For ultrastructural analysis, silk matrices (n = 3 per group) were processed as described elsewhere [31] . Briefly, the matrices were ultrasonically dispersed in ethanol followed by deposition onto carbon-coated grids in dilute suspensions and scanned at 200 kV (JEOL 2000 FX-II) with images captured on Kodak DEF-5 film. For characterization of the crystalline deposition, high resolution phase contrast imaging of the samples was performed. From the captured images, interplanar distance and aspect ratio of the deposited HA was determined using ImageJ software.
Statistical analysis
Statistical analysis was performed using Student's t-test and results with p ≤ 0.05 were considered to be statistically significant. The data obtained from measurements of surface roughness, β-sheet content and aspect ratio were expressed as mean value ± standard error mean.
Results
Physical characterization
The matrices were characterized by different techniques to gain insight into their morphology, surface chemistry, specific surface area, porosity, topography and secondary conformation with potential relevance in the extent of mineralisation induced. SEM micrographs from a single representative image of film, lyophilized and braid (insets displaying digital camera images) is shown in Fig. 1A . 2D planar films demonstrated a smooth surface morphology with no pores on the surface, whereas the lyophilized and braided structures appeared relatively rougher due to the presence of pores, random porosity and interconnectivity.
By applying micro-CT imaging algorithms, 3D reconstructions of the structures (lyophilized and braids) were obtained (Fig. 1B) . Qualitatively these images highlight the criss-cross architecture of the braided structures, including (inset; Fig. 1B ) a high resolution of the open porosity in the internal structure, conducive to nutrient perfusion. For the lyophilized materials, the pore walls can be seen to form parallel lamella rather than sphere shapes, with the lamella aligned in several directions within a complex 3D structure. The specific surface area was highest for braids (0.72), decreasing slightly for lyophilised (0.66), whilst both were significantly greater than the films (0.04) (Fig. 1C) . The tortuosity of each material was also calculated from the 3D images using the algorithm [28] , a measure which is directly proportional to porosity and inversely proportional to the diffusion coefficient of the samples (Fig. 1C) . The results display a trend similar to specific surface area, with maximal diffusion coefficient for braids and nominal for films.
AFM was used to evaluate the surface roughness of the three surfaces. Results were in accordance with SEM micrographs and depicted a substantial increase (Fig. 2, p b 0.05) in the surface roughness (Rq value) of samples from 2D planar films to 3D porous structures (lyophilized and braids). Braided structures, with 77 ± 5.93 nm Rq value, possessed highest surface roughness amongst all the samples (Fig. 2B) .
To characterize the macromolecular conformation of silk fibroin matrices, ATR-FTIR was performed (Fig. 3) . The infrared spectral absorption for amide I (1700-1600 cm ) and amide III (1300-1200 cm −1 ) bands were assigned to C_O stretching, N\ \H bending and O-C-N bending, respectively [32] . Silk braids, lyophilized and films (Fig. 3A) showed characteristic peaks for amides I, II and III as shown in Table 1 below. The infrared spectra of the amide I region were deconvoluted ( Fig. 3C-E) using Fourier self-deconvolution (FSD) to determine the secondary conformation of each respective material (Fig. 3B) . In braids, the percentage of β-sheet content was 61.5% with 24.6% β-turns (Fig. 3E) . Significantly lower β-sheet content for lyophilized structures was observed which corresponded to 53.4% of β-sheet with about 31% of β-turns (Fig. 3D) , as observed previously [33] . The fraction of β-sheet content within 2D fibroin films was the minimum (p b 0.05), comprising of 17.9% β-sheet (weak) and 58.4% random coils and α-helix (Fig. 3C) . The β-sheets were obtained as a result of ethanol treatment, leading to the formation of water-insoluble structure.
XRD pattern of both lyophilized matrices and braids exhibited characteristic peaks at 20.9°and 24.6°indicating silk II conformation [13] . Broadening of the peaks was observed in all the cases indicating poor crystallinity. In addition, on the basis of selective area diffraction (SAED) pattern (Fig. 4A) , the polycrystalline nature of the 2D planar films was distinctly evident. However, clear diffractograms of lyophilized and braids could not be obtained due to the bulk nature of the samples.
Characterization of mineralised matrix 3.2.1. SEM analysis
To determine the morphology of deposited particles on the treated materials post-immersion in SBF, SEM was performed (Fig. 5) . The presence of certain low attenuation particles on the surface of all the three samples (braids, lyophilized, films) indicated the presence of surface deposition which spread in a disorderly fashion, but convincingly appeared more aggregated in 3D fibroin materials. An increase in the amount of deposition was noticed when structures were pre-treated with CaCl 2 prior to SBF immersion (Fig. 5B,E,H) , which was further validated using XRD (Fig. 6) . Overall, more deposition was observed on 3D fibroin matrices compared to 2D planar films, based on visual examination. Three distinctive patterns of HA formation were visible; small nanorods (50-100 nm), oval-shaped spheres (800-1200 nm) and large agglomerates, perhaps formed by the subsequent fusion of nanorods. However, we were not able to reproduce the order in which the sequence of events occurred as only a single time point was considered. Higher magnification images showed that the small nanorods and spheres were mostly limited to the surface of 2D films (with or without pre-treatment with CaCl 2 ) (Fig. 5A-C) , whereas 3D fibroin structures depicted large aggregates and agglomerates spread across the material architecture (Fig. 5D-I ).
XRD
Fig . 6 shows the XRD patterns of silk fibroin matrices post-immersion in CaCl 2 -SBF for 7 days. No major peak validating HA nucleation on the matrix surface was evident when samples were treated only in SBF solution (Supplementary Fig. S1 ). The peaks became more intense upon pre-treatment with CaCl 2 , indicating enhanced nucleation and deposition of HA (Fig. 6 ) in these groups. The broad halo at 2θ of 20.2°with a shoulder peak located at 24.6°, attributed to the β-sheet crystalline structure (silk II) of silk fibroin, which was detected in all the samples [13] . Apart from the peaks corresponding to silk fibroin protein, no other peak was detected in the case of 2D planar silk films in both the treatment conditions, suggesting no traces of apatite deposition on films. Hence the XRD data suggests that there is high probability that the deposited low attenuation particles observed on 2D films in SEM (Fig. 5A-C) represented amorphous deposition which may have crystallised with time, if left in SBF for longer.
In CaCl 2 pre-treated materials, a prominent peak was noticed for braided structures at 31.8°, which corresponded to the characteristic (211) plane of HA according to the standard HAP data (JCPDS09-0432) (Fig. 6) . Interestingly, an additional peak at 25.8°corresponding to the (002) plane of HA was conspicuous only in braids. The X-ray intensity ratio for (002) to (211) plane of HA on CaCl 2 -SBF treated braids was computed from the XRD diffractograms. The value for intensity ratio 'I', where I is [I(002)/I(211)] was N 1; significantly higher than the standard intensity ratio [0.4 (JCPDS No. 09-0432)] [34] , thus confirming that the HA crystallographic lattice was extended along the c-axis, only in the case of braided structures.
In CaCl 2 pre-treated lyophilized matrices, HA deposition was confirmed displaying the characteristic (211) plane of HA at 31.18°with crystal size of 19.56 nm (Table 2) , however, the peak exhibited significantly lower intensity compared to braids. Since SBF-treated samples were demonstrating minimal peak intensities ( Supplementary Fig.  S1 ), therefore, only CaCl 2 pre-treated samples were selected for further characterization.
AFM analysis
AFM was used to evaluate the surface roughness of the three HA deposited surfaces (Fig. 7) . Results were in accordance with SEM micrographs and depicted an increasing trend in Rq values from 2D films to 3D silk fibroin structures (Fig. 7B, p b 0.05) . The surface roughness on braided structures displaying aggregated particles was 162 ± 20.31 nm which significantly decreased to 77.3 ± 10.09 nm in lyophilized structures (p b 0.05). Treated films displaying fine, non-aggregated particles on the surface corresponded to a minimum Rq value of 27 ± 5.41 nm.
ATR-FTIR
ATR-FTIR absorbance spectra of treated silk matrices were studied (Fig. 8A ) in order to identify the interaction between silk fibroin and HA. The characteristic peaks for HA observed at 474 cm and 608 cm −1 in both the 3D samples (lyophilized and braids), albeit much sharper in braids, were assigned to the O-P-O bending vibration modes of HA (Fig. 8B) . Positions 1038 and 962 cm −1 depicted intense bands in braids due to the P_O stretching of HA, however, absence of this peak at 962 cm −1 was noticed in lyophilized matrices. No evident expression was noticed in 2D planar films. In addition, characteristic band at 873 cm −1 noticed in 3D silk matrices only confirmed that the phosphate sites were partially replaced by carbonate confirming the nature of the deposition as carbonated HA (Fig. 8B ). Though we used carbonate-free solution in our study [22] , the appearance of carbonate peak in apatite is usually an outcome of atmospheric CO 2 . However, the presence of this carbonatespecific band could not be detected in 2D planar films. The band at 632 cm − 1 indicating the presence of hydroxyl (OH − ) ions in apatitic environment were not conspicuous in both braids and lyophilized structures (Fig. 8B) . Nevertheless, no concrete conclusions can be made based on the absence of OH − bands as these bands are usually difficult to detect by FTIR spectroscopy in poorly crystallised apatites; reason being that the lower crystallinity of apatite leads to enlarged vibration signals, subsequently masking the weak OH − bands [4] . Moreover, the apatites formed are nonstoichiometric in nature comprising of calcium and hydroxide vacancies, and therefore whatever little amount of OH − ions are present are often difficult to detect [4] . Further to this, slight shift in the positioning of amide peaks, commonly known as the 'blue shift' [2] , was evident in the CaCl 2 pre-treated lyophilized matrices (Fig. 8a-c) and braids ( Fig. 8d-f ) validating the strong chemical interaction between silk fibroin and HA. The amide III peak shifted from 1229 cm − 1 to 1259 cm − 1 in the case of braids (Fig. 8d ) whereas for lyophilized, the peaks now corresponded to 1236 cm −1 from 1230 cm −1 (Fig. 8a) ; with braids showing a more drastic shift. Moreover, in the amide II region, a shift for 6 cm −1 (from 1513 to 1519 cm − 1 ) was observed for lyophilized and 11 cm − 1 for braids ( Fig. 8b&e respectively) . An interesting observation was the presence of the 'red shift' noticed in the braids (Fig. 8f ) which may be ascribed to the interaction between the C_O group of silk fibroin with the Ca 2+ ions [17] . Overall, the discrete shift in the respective amide peaks was indicative of the formation of new bonds established between Ca
2+
, C\ \O and N\ \H groups and indicated strong chemical interaction between silk fibroin and HA. Fig. 9 shows the EDX pattern of pre-treated silk fibroin matrices post immersion in SBF. The Ca/P atomic ratio for lyophilized matrix was significantly lesser than 1.67 (Table 3) ; standard atomic ratio of pure HA [35] . This indicates that the deposition observed on the surface of lyophilized structures was Ca 2+ -deficit. On the other hand, the calculated atomic ratio for braids was similar to commercial HA (Sigma, Cat no. 677418) (Table 3) suggesting that the calcium phosphate deposition on their surface was mostly crystalline HA. 2D planar films did not exhibit any traces of Ca or P within the detected range.
EDX
TEM
The (nano)structured crystals formed after 7 days of SBF immersion were further characterized using TEM (Fig. 10) . No obvious HA deposition was visible on films, however, the presence of some spherical-like structures was seen which may be due to the amorphous nature of depositions (Fig. 10A) , as also confirmed by XRD (Fig. 6) . Braided structures demonstrated the presence of aggregated particles deposited along the entire length of the fibres (Fig. 10C) . However, the width of the fibre noticed in Fig. 10C is very small compared to the typical fibre diameter of B. mori (20-30 μm in native form and 7-8 μm postdegumming). Reason may be attributed to the extensive mechanical stress and friction caused by the braiding process which can cause fibrillation in addition to the ultrasonication-induced fragmentation during sample processing. This might justify the smaller width of the braided fibre observed in Fig. 10C . Higher magnification of crystals displayed an obvious parallel bundle of structures in both the 3D matrices (lyophilized; Fig. 10B and braids; Fig. 10D&E ) which appeared uniform needlelike with approximately 80 nm in length and 20 nm wide. As computed from the captured micrographs of braids, the needle-like structures had an aspect ratio of 8.03 ± 1.01 with predominant lattice spacing of Fig. 10E; inset) , corresponding to the (211) plane of HA, also supported by XRD data (Fig. 6 ). However, due to the nature of the large aggregates of deposited HA, we were unable to visually identify the (002) plane in braids, which was conspicuous in XRD ( Fig. 6) and SAED (Fig. 10F ). Fig. 10F shows the SAED image of a treated braid depicting a polycrystalline ring; an outer (211) ring and the inner ring (002) segregated into several small arcs, indicating that the HA formation took place along the crystallographic c-axis (002) longitudinally parallel to fibroin, a mechanism similar to biomineralisation of collagen type I in native bone tissue [2] .
Discussion
While several studies have reported the role of silk fibroin as an osteogenic template [13, 9] and investigated the synthesis and deposition of the HA phase on its surface [2] , proper characterization of the deposited HA with respect to the material properties is yet to be explained. Hence lack of sufficient knowledge in this realm poses a significant scientific and technical challenge by impeding the development of biomimetic silk-based matrices for clinical purposes.
Acquiring from the knowledge of recent literature which focuses on the role of intrinsic properties of the underlying matrix, we have fabricated fibroin into different morphologies (film, lyophilized and braid) and subjected them to mineralisation. Textile braids offer dimensional stability (especially torsional) to the structure due to the specific crisscross network and preferred orientation of yarns, that may help in modulating the orientation of HA deposition along the fibre, resembling collagen type I matrix of native bone and therefore have potential use as osteogenic constructs. A major finding was that the material properties such as surface roughness, specific surface area, tortuosity and secondary conformation of fibroin changed significantly with respect to the 3D matrix architecture as well as the nature of fibroin (native versus regenerated) and were critical factors in determining selective nucleation and growth of HA on fibroin (Fig. 1) . While the contribution of these intrinsic material properties towards modulating cellular behaviour have been highlighted [3, 36] , yet their direct implication on the mineralisation potential have not been addressed.
Overall, significantly higher HA deposition in braids and lyophilized matrices suggested that the 3D morphology of the material may be a key factor in deciding the osteogenic potential of fibroin; a phenomenon not observed in 2D planar films (Fig. 1) . This seems obvious, due to the availability of larger hydrating surface area in 3D constructs [3] . However, the availability of surface area may not be the only contributing factor. Another critical factor that may have affected the extent of mineralisation on the fibroin template is the difference in the nature of fibroin template. While the braided structures were prepared from native silk fibres as spun by silkworm, lyophilized matrices and films were prepared by subsequent dissolution of those fibres to develop regenerated structures. The process of regeneration of silk using chaotropic salts drastically disrupts native fibroin macromolecular structure. In a recent study on self-assembly of silk [19] , it was observed that under controlled shear rate, native silk solution at 1000 mg/L concentration formed a nanofibrillar structure, bearing structural resemblance to native silk fibres. Regenerated silk solution, on the other hand, produced random aggregates of globular protein under similar shear rate and silk concentration. The primary reason for the differential assembly of the two solutions was attributed to the subsequent fragmentation of the constituted macromolecules or lack of terminal domain dimerisation due to treatment with chaotropic salts in the case of regenerated silk fibroin [19] . This implies that the intact native structure of the silk fibre in braids offers specific organization of the amino acid domains for nucleation of HA, which could not be exactly reproduced in the regenerated matrices due to random aggregated assembly and branching of fibroin network post-dissolution. Hence this may exert influence on the differential mineralisation observed in the 3D matrices (lyophilized versus braids), in spite of having comparable physical characteristics (Fig. 1) .
In vitro nucleation and growth of HA nanocrystals onto organic templates is tightly regulated by the presence of electronegative amino acid groups on the material surface, where the crystal formation originates [37] . Exposure of these different amino acid sites is mainly dependent on the varied surface morphology/architecture of the matrix, which can immensely affect biomineralisation on fibroin. Since the specific surface area (Fig. 1) as well as β-sheet content (Fig. 3) was maximal in the case of braided structures in addition to the intact native protein conformation, more Asp groups would be exposed to the surface, hence resulting in distinctive carbonated apatite formation with preferential (002) orientation along the c-axis plane (Figs. 6 & 10) ; characteristic of native bone tissue [2] . Moreover, the relatively decreased tortuosity index of the braided structures in comparison to lyophilized matrices ( Fig. 1 ) ensured effective permeability and higher contact with supersaturated solution which would subsequently precipitate Ca 2+ and P along the structure. Researchers have also acknowledged the existence of another mineralisation mechanism explicitly established in zebra fish bone [38] , as well as in human enamel [39] , where the nucleation was initiated not through the ions in solution but via an intermediary amorphous calcium precursor. However, lack of sufficient knowledge in this realm makes the generality of this pathway debatable [40, 41] . SEM analysis confirmed the presence of certain low attenuation depositions on the material surface with a more aggregated organisation on 3D matrices whose Ca/P ratio was close to commercial HA [35] (Fig. 9) , while the films depicted more individually scattered nano-particles (Fig. 5) . According to FTIR analysis, there was a discrete shift observed in amide peaks when the untreated matrices (braids and lyophilized) were compared to CaCl 2 -SBF treated groups confirming strong chemical interactions between HA-silk fibroin (Fig. 8 ). This result also highlighted an important aspect of the mechanism underlying mineralisation indicating the involvement of amide groups in the origin of nucleation of HA nanocrystals; as observed previously by others [2] . The presence of impurities such as carbonate have frequently been detected along with HA and is therefore used as a criterion for HA characterization [42] , as detected in braids and lyophilized structures. The TEM images demonstrated that the fibroin could direct the assembly and nucleation of HA nanocrystals along the template (Fig. 10) . The typical needle-like morphology of HA crystals was well represented on 3D morphologies only, with aspect ratio measurements of nanocrystals close to that of synthesized HA [43] . The SAED images indicated a polycrystalline diffractogram for braided structures [34] (Fig. 10 ) with preferential orientation extending along the c-axis, as also confirmed from the values of intensity ratio (Fig. 6 ). This preferential orientation of the deposited crystals along the c-axis of the template is a typical feature of calcium phosphate noted in human bone and dentin where the caxes of HA crystals align parallel to longitudinal axis of type I collagen fibrils [44] . This was further confirmed from the Scherrer Equation for XRD suggesting that HA crystal formed on braids was located on the template surface (Fig. 6 ) with high probability of (002) crystal face matching well with spatial configuration of the fibroin template. Further, broadening of the (002) and (211) peaks corresponding to HA suggested poor crystallisation in the case of braids and lyophilized similar to organic-inorganic interactions in bone physiology [2] .
In native bone tissue, the structural integrity of bone is a tightly regulated process controlled by coordinated mechanism of collagen synthesis by osteoblasts and their subsequent mineralisation by poorly crystalline HA [45] . The crystal morphology of needle-like nanocrystals obtained on fibroin in our study was similar to the dimensions found on collagen-HA, as reported by previous studies [46] . Also the immense structural resemblance between the two fibrous proteins; silk fibroin and collagen, raised several questions on their relatable mechanism in regulating the HA crystal growth. In a comparative study conducted to compare the mineralisation potential of single-templates; collagen-HA and fibroin-HA and bi-template; collagen/fibroin-HA, it was revealed that crystallite growth orientation along the preferential c-axis of HA occurred in both the templates, similar to native bone while FTIR confirmed the chemical interaction between HA with fibroin or collagen in single-and bi-templates suggesting their similar osteogenic potential [46] . A cell-independent mechanism described crystal growth of HA on collagen, whereby non-collagenous proteins present within the gap zones of collagen template direct mineral nucleation from ions in physiological solution [45] ; a similar mechanism has also been experimentally proven for fibroin by Marelli et al. [20] Due to the lack of concrete evidence and sufficient literature, aspects of apatite formation on fibroin are much less understood, however, the assistance of β-sheet secondary conformation in the fibroin mineralisation is relatively well characterized [41] . This phenomenon was also evident in our study whereby the significantly higher β-sheet content found in the case of 3D structures probably played a crucial role in directing the nucleation of HA nanocrystals along the fibres. However, the differential mineralisation amongst the two 3D fibroin constructs (possessing comparable β-sheet content) could only be justified by taking into account the nature of the fibroin template used (native versus regenerated) as explained earlier.
Template-induced nucleation and growth of nanocrystals, similar to the organic template of native bone (collagen type I), is a vital pathway for determining the structural relevance of fabricated materials. Several nucleation mechanisms to regulate crystal growth on such organic templates have been proposed [2, 36, 41] . Nevertheless, the most commonly accepted theory of crystal formation stems from the inorganic ions in supersaturated solutions (such as SBF), which get adsorbed onto the templates in a precisely arranged crystallographic order, under controlled pH microenvironment. The process of matrix-mediated mineralisation in the living systems especially focusing on the role of specific amino acid sequences and secondary conformation of proteins influencing the nucleation aspect of calcium phosphate crystals has been reviewed [42] . In accordance with previous literature, we hypothesize that the nucleation and growth of the HA crystals was assisted by the fibroin template where the extent of mineralisation was dictated by the specific interactions between the crystal plane of HA and the specific 3D arrangement of the fibroin template. In this study, we used SBF solution at pH 7.4 (greater than pI of fibroin; pH 4.5), which facilitated the precipitation of local Ca 2+ ions from SBF solution into the β-sheet structure of fibroin matrices (containing hydrophilic groups such as -NHand -COO-chains of acidic macromolecules, especially aspartic acid) [37] . Once the Ca 2+ ions were bound to the fibroin template, the electrostatic interactions attracted (PO 4 ) 3− and OH − groups to further assimilate more Ca 2+ from the solution for promoting nucleation of HA along the β-sheet assembly of fibroin chain; as stated by the double layer theory of calcium phosphate precipitation [47] . Hence the threedimensionality of the underlying matrix (that aligns and probably distributes the anionic groups in specific 3D arrangement) and tortuosity (that dictates the contact of SBF solution to the organic template; Fig.  1 ) are critical factors that may affect the subsequent nucleation process. In addition, the larger the surface area ( Fig. 1) , the more probability of ion exchange will occur between the organic template and the ions in solution to facilitate enhanced HA deposition. Another factor that affects HA nucleation on the fibroin surface is the interfacial structure. HA will be extended along a particular direction only when the interplanar distance of HA fits well with the spacing between the amino acid (which is Asp in the case of fibroin) [2] , considering that the formation of fibroin- Once the nucleation process is initiated, the growth of HA with time on fibroin chains may well be justified by nucleation-aggregation-agglomeration theory [48, 49] . Briefly, the deposited nanocrystals are aggregated by molecular attractions [50] which cause subsequent decrease in the surface free energy. Meanwhile, further crystal growth resulted in the formation of agglomerated structures which further led to increased particle sizes by promoting further aggregation of the agglomerated particles (Fig. 5) . Although, the concentration of fibroin is sufficient to further increase the crystal size, simultaneous depletion in the Ca 2+ ionic concentration limits the resultant crystal size. From the apparent broadening of (002) and (211) peaks and the calculation of Scherrer Equation we can infer a smaller crystal size for 3D fibroin structures ( Table 2 ). The biological relevance of this small particle size is that it may aids in solubility of bone by resorbing osteoclasts, as well as maintains the mechanical properties, likely preventing the propagation of cracks [3] . Hence, we can conclude that HA-fibroin crosslinked together to form the inorganic-organic interactions resembling natural bone, though only when the fibroin template was natively spun in braided morphology. Hence this study further warrants the investigation of cellular responses with respect to the two matrices (native/regenerated) to gain insights into the underlying molecular mechanisms (for eg. Notch signaling, Wnt signaling etc.) [51] primarily regulating the extent of osteogenesis on the silk matrices used. However, one limitation of our study is that for a more direct comparison between native versus regenerated silk fibroin, it would have been ideal to compare identical morphologies. But it is not possible to fabricate braided structures post-dissolution of cocoons. Taken together, braided structures prepared from native B. mori silk demonstrated improved HA deposition. The specific orientation of the yarns and structural stability of the network will play a critical role in determining the mineralisation potential. Lyophilized matrices, prepared by subsequent dissolution of fibres, though possessing comparable β-sheet content, demonstrated relatively lesser mineralisation. Changes in the extent of mineralisation with the method of processing implied that the growth and nucleation of nanocrystals is template-induced guided by the intact protein conformation of native fibroin. Hence these findings suggest that the 3D textile technology-based structures, such as braids, made up of native silk fibres may provide a suitable template matrix, compared to regenerated silk, for producing hydroxyapatitebased mineralised materials for bone repair.
Conclusions
To gain an understanding of the mechanism of template-induced nucleation and growth of HA nanocrystals on silk fibroin, we have studied the molecular interactions of HA with silk fibroin (native versus regenerated) fabricated in different morphologies. Ca 2+ ions bound to the natively spun braids trigger mineralisation in the presence of supersaturated solution. The deposited nano-particles of HA interact closely with the intact amino acid chains of native polymer and induce the nucleation of HAP nano-needles with their preferential c-axis orientation with Ca/P ratio similar to native bone composition. Apart from the intact polymer conformation, the intrinsic properties of the material play crucial role in modulating the extent of mineral deposition. Hence we conclude that natively spun silk fibroin braids in part mimic the collagen type I matrix of natural bone and thus may serve as potential bone graft substitutes for bone repair and regeneration. Supplementary data to this article can be found online at http://dx. doi.org/10.1016/j.msec.2016.06.041.
